ABSTRACT
INTRODUCTION

19
Increased emphasis has been placed on improving the explicit role of highway safety in making 20 decisions on roadway planning, design, and operations. To evaluate safety in a quantitative way, 21
it is vital to identify the relationships between safety and various geometric design elements for a 22 highway facility. These geometric design elements may include roadway cross-section (lane 23 width and shoulder width), horizontal alignment (degree of curvature or radius, superelevation, 24 and spiral transition curves), vertical alignment (grade, length of grade, and lengths of crest 25 vertical curves), median width, roadside (clear zone width and sideslopes), etc (1, 2) . However, 26
as noted in Bonneson et al. (3) , quantitative safety relationships are not available for every 27 geometric element of highway design. To address this need, the Highway Safety Manual (HSM) 28 is being developed under the direction of the Transportation Research Board Highway Safety 29
Manual Task Force. It is envisioned to become a nationwide predictive tool and available to 30 evaluate the safety performance for various highway facilities. The goal is to provide the best 31 available safety knowledge in a condensed and widely usable form for designers and 32
practitioners. With such a tool state highway agencies or others responsible for the road system 33 can identify potential areas of concern on streets and highways which can lead to safety 34 performance improvements associated with those facilities. The first edition of the HSM is 35 expected for public release shortly, and it will contain safety prediction methodologies for rural 36 two-lane highways, rural multilane highways, and urban and suburban arterials. Additional 1 information is available on the HSM website (http://www.highwaysafetymanual.org/). 2 3 While attention has been directed primarily on rural two-lane highways and to a lesser degree, on 4 urban arterials and rural multilane highways, freeway is a roadway classification where 5 additional efforts are needed. In line with these efforts, NCHRP Project 17-45 (Enhanced Safety  6 Prediction Methodology and Analysis Tool for Freeways and Interchanges) has recently initiated. 7 As part of the Texas Department of Transportation (TxDOT) proactive commitment to 8 improving highway safety, TxDOT is moving toward including quantitative safety analyses 9 earlier in the project development process. An objective of a current TxDOT research project is 10 to develop evaluation tools that can be used by TxDOT designers. A draft of such tool is 11 currently available (3) . Specific accident modification factors (AMFs) for freeways within the 12
Texas tool was identified as deserving additional efforts. 13 14 The frequent presence of on-ramps or off-ramps on freeways has a high potential for crashes 15 since they involve a significant traffic conflict between vehicles entering and exiting, and thereby 16 complicates the driving task. The crash risk may increase if they are located on a horizontal 17 curve. In this context, this study investigated the effects of on-ramp or off-ramp density on 18 freeway segment crashes both in urban and rural areas, and whether that effect is different for 19 tangent segments than horizontal curves. In addition, the effect of horizontal curves on freeway 20 crashes was also identified using the degree-of-curvature variable. The statistical modeling 21 results were geared into the development of the corresponding accident modification factors that 22 can be used for safety prediction of freeways. 23 24
PREVIOUS WORK
25
This section reviews previous statistical modeling efforts for freeway safety which are deemed to 26 be relevant for this study. The previous research results will be compared with the findings from 27 this study in a later section. Hadi et al. (5) used negative binomial regression analysis to calibrate a set of safety prediction 33 models using data from Florida roadways. The models were categorized by crash severity, area 34 type (i.e., urban, rural), and number of through lanes. Persaud and Dzbik (6) developed two 35 prediction models using data for urban freeways in Ontario, Canada. Separate models were 36 developed for total and severe (fatal plus injury) crashes. Unlike the models by Hadi et al. (5) , 37 the models by Persaud and Dzbik did not include variables for specific roadway elements (e.g., 1 lane width, posted speed limit, median width, etc.). Moreover, the freeway segments do not 2 distinguish between those with and those without ramp speed-change lanes. Because speed-3 change lanes tend to be associated with more crashes than basic freeway segments, the model 4 predictions may overestimate crash frequency for mid-junction segments. Wang et al. (7)  5 developed a safety prediction model for rural multilane divided highways using crash and 6 geometry data from Minnesota. The database does not include data for freeways. However, the 7 behavior of a rural divided highway with few or no access points may be similar to that of a rural 8 freeway. 9 10 The models from these studies were modified by Bonneson et al. (4) so that each predicted 11 severe crashes per year (i.e., fatal and injury crashes). Table 1 lists the revised models. 12 13 The TxDOT geometric database was used to identify horizontal curves in Texas that were 9 located on freeway and with a curve type of "normal" (i.e., eliminate spiral curves and point 10 curves). Sites were also eliminated if the horizontal curve was longer than 1.5 miles or less than 11 0.1 mile or degree of curvature information was not available for the curve. The tangent prior to 12 or following the horizontal curve was required to be at least equal to the curve length plus 0.1 13 miles. The 0.1 mile represents the "buffer zone" that was eliminated from the evaluation to 14 ensure that curve-related crashes are not inadvertently placed on the tangent segment and vice 15 versa. The length of the buffer reflects recognition of the precision of crash location in the crash 16 database. This database locates crashes to the nearest 0.1 mi. 17 18
Researchers located each potential horizontal curve on an aerial photograph. Preference was to 19 use aerial photographs available from a city or metropolitan planning organization as these 20 photographs were generally of higher quality or resolution. If a high occupancy vehicle lane was 21
found when reviewing the aerial photograph, the site was eliminated. On a few occasions, the 22 data from the database resulted in identifying sites that were not limited access. These sites were 23 frontage road sections that had been constructed before the freeway section. They were 24 eliminated from the study. If the quality of the view available on the photograph was sufficient 25 for data collection, the following segment characteristics were identified for the horizontal curve 26 and for the associated tangent section: 27 28
• Number of lanes 29
• Outside shoulder width (ft) 30
• Inside shoulder width (ft) 31
• Median type (e.g., none, grass, TWLTL, flush, curbed) 32
• Median width (without inside shoulders) (ft) 33
• Distance between edge of travel lane to barrier (when barrier is present) (ft) 34
• Presence of barrier (yes or no), 35
• Number of on ramps present in the horizontal curve or tangent (ramp was counted if the 36 gore was within the limits of the segment) [the number of on ramps for both directions 37 was summed and divided by the section length to determine the on-ramp density 38
• Number of off ramps present within the horizontal curve or tangent segment (ramp was 1 counted if the gore was within the limits of the segment) [the number of off ramps for 2 both directions was summed and divided by the section length to determine the off-ramp 3 density] 4
• Degree of curvature: obtained from the TxDOT geometric database 5 6 Because data for only a sample of Texas curves could be collected, the researchers selected 7 districts in different regions of Texas. The final dataset for the study included a total of 561 8 curves. The rural freeway dataset included 75.8 miles of horizontal curves and 75.8 miles of 9 companion tangent sections for a total of 151.6 miles. The urban freeway dataset included 86.3 10 miles of curves and 86.3 miles of tangent for a total of 172.6 miles. The entire dataset included 11 561 curve/tangent pairs for a total of 324.2 miles of freeways and 1122 segments. 12 13 Initial modeling efforts included an indicator variable to account for whether the curve/tangent 14 pair was in an urban area or a rural area. The number of lanes was also considered. The 15 preliminary results along with a closer inspection of the range of data characteristics resulted in 16 the dataset being subdivided into the following groups: 17 18
• Rural, 4-lane freeways (256 curve/tangent pairs, 151.6 miles), 19
• Urban, 4-lane freeways (140 curves/tangent pairs, 90.0 miles), 20
• Urban, 6-lane freeways (96 curves/tangent pairs, 50.4 miles), and 21
• Urban, 8-or-more lane freeways (69 curves/tangent pairs, 32.2 miles). 22 23 Tables 2 and 3 list the distribution of the section attributes that was the same for both the tangent 24 and horizontal curve sections along with the distribution for the degree of curvature for the 25 horizontal curve sections. 
STATISTICAL MODELING
7
Negative binomial (NB) regression models for cross-sectional data were used for estimating the 8 safety of freeways. An important characteristic associated with the development of NB models is 9 the choice of the functional form linking crashes to the covariates. Flow to a power has been a 10 common functional form used by transportation safety analysts in recent studies. For this study, 11 the functional form in Equation 15 was used. 12 13 Another important factor that should be considered is how to treat the dispersion parameter in the 14 NB model. Traditionally the dispersion parameter is assumed to be fixed, but recent research in 15 highway safety has shown that it could potentially be dependent on the covariates (10, 11). 16 Therefore, this study adopted the formulation proposed by Hauer (10) , in which the amount of 17 dispersion found in the data is dependent upon the segment length. The formulation for the 18 dispersion parameter used in this study is given in Equation 16 . It should be also pointed out that 19 the dispersion parameter should be adjusted for the small sample size and low sample mean 20 biases (12) . Recent researchers have proposed methods to minimize the biases caused by these 21 two factors (4, 13) . This was not done in this work since the focus is on the coefficient of the 22 models rather than the variation found in the data. 23 
13
For model estimation the nonlinear modeling procedure (NLMIXED) in SAS (14) was utilized. 14 As the log-likelihood, the Akaike Information Criterion (AIC), and the Bayesian Information 15
Criterion (BIC) values are directly available from NLMIXED procedure, they were used to assist 16 in selecting the best model within each model category. 17 18
MODELING RESULTS
19
Three models were estimated: entire dataset (1,122 horizontal curve and tangent segments), 20 horizontal curves only (561 segments), and tangents only (561 segments). The latter two models 21 were intended for examining whether the effects of on-ramps or off-ramps on crash occurrence 22 are different between tangent segments and horizontal curves. It is believed that using matched 23 sections should control for the effects of those variables that are similar between the pairs. 24 25
For the variable selection, the research team started with all variables collected, and then 26 removed the variables if they were not significant within a 10% significance level. During this 27 selection process, inside shoulder width and median width were summed to generate median 28 width with inside shoulder. Off-ramp density was removed from the models because it generally 29 had a p-value of 0.15 or greater indicating that it is not statistically significant. Since the initial 30 evaluations indicated that the number of lanes along with whether the segment was located in a 1 rural or urban area was significant, indicator variables representing the urban/rural classification 2 along with the number of lanes were included in the model. Rural 4 lane freeway was used as a 3 base condition. 4 5 Table 6 shows the final results for three models. The results indicate that crashes on freeway 6 segments are influenced by ADT, the on-ramp density (on horizontal curves and when horizontal 7 and tangent sections are considered together), the degree of curvature, median width (including 8 the inside shoulder), the number of lanes (for urban freeways, all rural sites had same number of 9 lanes), and whether the freeway is in an urban or rural area. ADT, on-ramp density, and degree 10 of curvature had positive coefficient which indicates that as those values increase the number of 11 crashes also increase. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or-more-lane freeways. The results are shown in Table 7 . The results indicate that crash 21 prediction for rural freeways is not a function of ramp density. A review of the distribution of on-22 ramp density revealed that, as expected, on-ramp density was lower for the rural sites than the 23 urban sites. Levels of on-ramp density that would be expected to influence crash predictions are 24 more common for urban freeways than rural freeway. For urban freeways, however, crash 25 prediction is a function of either on-or off-ramp density for urban four-lane freeways and a 26 function of on-ramp density for urban eight-or-more-lane freeways. Surprisingly both on-ramp 27 density and off-ramp density were not significant for urban six-lane freeways. 28 29 30 Table 6. 3
OBSERVATIONS
1
The coefficients for the indicator variables used to account for rural versus urban area and 2 number of lanes can be used to compare the predicted crashes. The model uses rural 4-lane 3 freeways as the base condition. Comparative crash predictions can be generated by assuming a 4 crash prediction for rural 4-lane freeways as having a value of 1 and the predictions for the other 5 area type/number of lanes determined by using e to the power of the coefficient: 6 7
• Rural, 4-lane freeway = 1.00 (base condition) 8
• Urban, 4-lane freeway = 1.54 (=e 0.4314 ) 9
• Urban, 6-lane freeway = 1.31 (=e 0.2696 ) 10
• Urban, 8-and-more-lane freeway = 2.00 (=e 0.6916 ) 11 12 The comparison reveals that urban freeways have more crashes than rural freeways. This Note that these predictions assume all other characteristics are the same, for example, same ADT, 22 same on-ramp density, etc. The assumption of the same ADT is important since these facilities 23 have large variations in their associated ADTs. The large variations also limit this observation 24 since the volume levels present at urban 8-and-more-lanes freeways are not common on rural 25 freeways. 26 27
For the models based on tangents only data on-ramp density is not significant at the 10% 28 significance level, while it is significant when located by horizontal curves. This indicates that, 29 assuming everything else the same, the vehicles driving on the horizontal curves are more 30 influenced by the presence of the on-ramps and thereby have a higher likelihood of being 31 involved in crashes than on tangent sections. Thus, it is desirable that designers for freeways 32 should eliminate or minimize the number of on-ramps within the horizontal curves. 33 34 Figure 1 shows a comparison between the modeling results from this study and the previous 35 research listed in crashes. In this study, the AMFs were estimated directly from the coefficients of the models, 5 derived in the previous section. This approach for AMF development assumes that (a) each AMF 6
is independent since the model parameters are assumed independent and (b) the change in crash 7 frequency is exponential. In practice, AMFs may not be completely independent, since changes 8 in geometric design characteristics on highways are not done independently (e.g., lane and 9
shoulder width may be changed simultaneously) and the combination of these changes can 10 influence the crash risk. An objective of this research effort was to identify the effects of on ramp or off ramps on 18 freeway segment crashes and whether that effect is different for tangents than horizontal curves.
19
Since the off-ramp density was found to be a non-significant variable when building safety 20 prediction models for freeways, we only developed an accident modification factor for on-ramp 21 density. If a general AMF is desired for freeways in both rural and urban areas, the coefficient 22 from the model using the entire dataset in Table 6 Figure 2 shows the AMFs calculated using the different approaches. For example, 3 on-1 ramps/mile is associated with a 10 percent increase in crashes (AMF=1.10) for a general freeway 2 segment, 13 percent more crashes on freeway horizontal curves, 15 percent more crashes on an 3 urban four-lane segment, or 16 percent more crashes on an urban eight-or-more-lane segment. 4 Note that the on-ramp density findings for urban four-lane freeways were significant at the 10 5 percent level -usually the 5 percent level is preferred. 6 7 Because of the inconsistent and mixed results obtained when using unique models for each area 8 type/number of lane combinations, the results using the entire dataset appears to be more 9 reasonable. 10 11 Figure 2 Comparisons of AMFs for on-ramp density 12 13 AMF for Horizontal Curve 14
The degree-of-curvature variable was significant when using all the freeway data in one model 15 with number of lanes and area type being represented as indicator variables (see Table 6 ). 16 Therefore, assuming zero degree as a base condition, the AMF for horizontal curve would be: rural highways. Note that the graph shows radii up to 18,000 ft which was selected to provide an 24 appreciation of the prediction for a near tangent section. The limits of the data were: 25 26
• highway data: 0.25 to 15 degrees (22,920 ft to 382 ft) 27
• freeway data: 0.50 to 5.5 degrees (11,460 ft to 1,042 ft) 28 29
As shown in Figure 3 , the AMF developed using only the rural four-lane freeway data produces 30 an AMF that is much larger than the values developed from the other datasets. Because this 31 variable was the only variable included in the model, it may be accounting for other conditions at 32 the site not successfully capture with the variables collected in this study. 33 34
Since the results from Equation 18 appear to be in good agreement with the results from other 35 models developed by the same authors (17) , this equation (determined by the first model in Table  36 6) is recommended for the horizontal curve AMF on freeways. 37 38 1 NOTE: The highway curve material is presented in (17) . The freeway curve is based on the 2 results listed in Table 6 while the urban four-lane model and rural four-lane model curves are 3 based on the results listed in Table 7 . 4 5 Figure 3 Comparisons of AMFs for horizontal curves 6 7
SUMMARY
8
The objective of this study was to investigate the safety effects of geometric features, especially 9 ramp density and horizontal curves, on freeway crashes and to quantify the safety through the 10 accident modification factors. Data available for use in the evaluation included 324.2 centerline 11 miles of freeways in Texas. Negative binomial regression models were used to estimate the 12 effects of independent variables. Variables considered in developing the base models included 13 on-ramp density, off-ramp density, outside shoulder width, median width including the inside 14 shoulder, barrier presence, degree of curvature (or curve radius), segment length, and ADT. Five 15 years (1997-2001) of freeway crashes were examined. 16 17 Using indicator variables to represent the urban/rural classification along with the number of 18 lanes, three models were estimated for the entire dataset: horizontal curves plus tangent sections, 19 horizontal curves only, and tangent sections only. Off-ramp density had to be removed from the 20 models because it generally produced a high p-value indicating that it was not significant. It was 21
found that crashes on freeway segments were associated with ADT, on-ramp density (on 22 horizontal curves and when horizontal and tangent sections are considered together), degree of 23 curvature, median width with inside shoulder, the number of lanes (for urban freeways), and 1 whether the freeway is in an urban or rural area. ADT, on-ramp density, and degree of curvature 2 had positive coefficient which indicated that as those values increase the number of crashes also 3 increase. The negative sign for the median width indicated that crashes decrease as the median 4 width increases, which is a desirable finding. Reviewing the last two models with respect to on-5 ramp density revealed that the effect of on-ramp density was significant for horizontal curves but 6 not for tangent sections. This demonstrated that the vehicles driving on the horizontal curves are 7 more influenced by the presence of on-ramps and thereby have a higher likelihood of being 8 involved in crashes than on tangent sections. Therefore, freeway designers should eliminate or 9 minimize the number of on-ramps within the horizontal curves. 10 11 In order to examine the unique relationships between variables within each area type and the 12 number of lane category, separate models were estimated for each area type/number of lane 13 category using both the horizontal curves and their associated tangent segments. Unlike the 14 previous models, the effects of on-ramp density and horizontal curves were not consistent across 15 the categories. 16 17 Therefore, the on-ramp density and horizontal curve AMFs determined by the entire dataset 18 using indicator variables was recommended in this study. Hilton who served as the TxDOT project director for the study. 30 31
